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Abstract. The ratio B = Γ (π0→ e+e−γ)/Γ (π0→ γγ) is measured by comparing the production rates
of the π0 in the two decay channels. The analysis is based on approximately four million hadronic
decays of the Z boson recorded by the ALEPH detector in the years 1991 to 1995. The value of
B is determined to be (1.140 ± 0.041)%. A recalculation of the Particle Data Group world aver-
age gives rise to a slightly improved error, and moves the world average closer to the theoretical
value.
1 Introduction
The dominant decay of the π0 is to two photons with
a branching ratio Γ (π0→ γγ) ≈ 98.8%. Except for very
rare decay modes, the remaining 1.2% follow the Dalitz-
decay mode π0 → e+e−γ. This decay mode was ﬁrst
pointed out by Dalitz [1] in 1951 where he suggested that
one of the photons could internally convert into an e+e−
pair (a Dalitz pair). The Dalitz-decay has been meas-
ured in π−p→ π0n scattering experiments by Budagov [2],
Samios [3], and Schardt [4]. From these three measure-
ments, the Particle Data Group world average for the ratio
B = Γ (π0→ e+e−γ)/Γ (π0→ γγ) is (1.213 ± 0.030)% [5].
While this is consistent with the theoretical QED cal-
culation of (1.196 ± 0.003)% [5] provided by Joseph [6],
the uncertainty in the ratio of about 2.5% has remained
unchanged for more than a quarter of a century. An im-
provement in the knowledge of the Dalitz-decay branching
ratio would be beneﬁcial to branching ratio measurements
of rare pion and other decays, and help in the under-
standing of electron backgrounds at the large hadron
collider.
In this study, a new measurement of the ratio B is pro-
vided by studying hadronic Z boson decays at the LEP
collider. Such events give rise to a large number of neutral
pions (∼ 10 per event). Over four million hadronic events
have been recorded by the ALEPH experiment over the
period 1991 to 1995. The high statistics makes it possible
to observe the π0 Dalitz-decay mode and measure its rate
with suﬃcient accuracy.
In this study the Dalitz-decay rate is measured and
compared with that of the latest ALEPH result for the
two photon decay channel ([7]). The ratio of the two rates
therefore provides a measure of the ratio B.
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2 The ALEPH detector
The ALEPH detector and its performance are described
in detail elsewhere [8, 9]. Charged particles are measured
over the polar angle | cos θ| < 0.966 by the cylindrical
inner drift chamber, and the large cylindrical time pro-
jection chamber (TPC) which measures up to 21 three-
dimensional space points per track. A charged-particle
ionisation rate is sampled in the TPC by up to 338
wires. These chambers are immersed in a uniform mag-
netic ﬁeld of 1.5 T and together measure the momentum
of charged particles with a resolution δp/p = 0.0008p⊕
0.005 (p in GeV/c). For tracks with | cos θ| < 0.85, which
are also measured by the vertex detector, the momen-
tum resolution is improved to δp/p = 0.0006p⊕ 0.005
(p in GeV/c). The TPC is surrounded by the electro-
magnetic calorimeter (ECAL), which covers the angular
range | cos θ| < 0.98 and has a thickness of 22 radiation
lengths. With its ﬁne segmentation in projective towers
of approximately 0.9◦ by 0.9◦, the angular resolution is
σθ,φ = 2.5/
√
E+0.25 (E in GeV and σθ,φ in mrad). This
lead-proportional tube calorimeter has an energy reso-
lution for electromagnetic showers of σE/E = 0.18/
√
E+
0.009 (E in GeV).
3 Event and track selection
Using hadronic event selection criteria deﬁned in [10],
a total of 3 239746 hadronicZ decays around the center-of-
mass energy of 91.2GeV are selected for the analysis. The
background to these events arises from tau pairs and two-
photon events, and is estimated to be less than 0.3% [11].
Charged tracks are selected if their impact parame-
ters are consistent with an origin close to the interac-
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tion point (transverse impact parameter |d0| < 0.5 cm and
longitudinal impact parameter |z0| < 3.0 cm), and if the
ionisation rate is consistent with the electron hypothesis
−2 < χdE/dx < +4 (where available). Here, χdE/dx =
(dE/dx|measured− dE/dx|expected)/σdE/dxwhereσdE/dx
is the expected dE/dx resolutionnormalisedwith a sample
of minimum ionising pions. Tracks are rejected if ionisa-
tion information is not available. Charged tracks are also
required to have at least 4 space points in the TPC, a polar
angle in the range 20◦ < θ < 160◦, and a minimum trans-
verse momentum of 0.25GeV/c.
The selection of photons is exactly the same as that
of [7]; photons are reconstructed as neutral clusters in the
ECAL and selected if their energyEγ is at least 1 GeV. Ad-
ditionally, to reduce hadronic contamination, the fraction
of the energy in the ﬁrst two of the three segments in depth
of the ECAL should be greater than 0.8, and the fraction of
the energy in the four central towers of the shower should
also be greater than 0.8.
As a means of measuring detector acceptance, a total
of 6 383337 Monte-Carlo events are generated with the
JETSET program [12] and passed through a full detec-
tor simulation and reconstruction program. After event
selection, the number of events reduces to 4 923816. In
this data sample, JETSET 7.4 is tuned to describe the
ALEPH data using inclusive charged particle and event
shape distributions [13].
4 Reconstruction of the Dalitz-decay
The Dalitz-decay is reconstructed from two oppositely-
charged tracks (mostly electrons identiﬁed with dE/dx
measurements), and a reconstructed photon. The invariant
mass spectra contains a Dalitz signal on top of a combina-
torial background, accompanied closely by a large peak due
to electron pairs originating from photon conversions. In
Fig. 1. Invariant mass M(e+e−γ) for electron
and photon candidates after rejection of pho-
ton conversions
an attempt to remove the large conversion peak, and fur-
ther reduce combinatorial background, two additional cuts
are applied as follows.
1) Oppositely charged electron pairs are rejected if they
have an invariant mass M(e+e−) greater than
0.040GeV/c2. While one would expect the recon-
structed mass of a photon conversion to be close to
zero, in this case the invariant mass is calculated using
extrapolations of tracks with momentum vectors meas-
ured from the closest approach to the event interac-
tion point which is a signiﬁcant distance from the true
points of conversion (at least 5 cm); consequently the
reconstructed photon conversion gains a signiﬁcant
mass.
2) The above cut is supplemented with an additional
cut on the photon conversion radius; if a pair of re-
constructed tracks (each an oppositely signed helix in
the TPC) are found to have near parallel trajecto-
ries in the transverse plane and pass close together,
then this point is considered to be the point of pho-
ton conversion. Such a pair of tracks is rejected if
the distance Rconv of this conversion point is greater
than 4.0 cm. This cut further improves purity, and
permits a lighter cut on M(e+e−) thus improving
eﬃciency.
These two additional cuts reduce photon conversions
to an insigniﬁcant level at the expense of only 5% of
the Dalitz signal. Figure 1 shows the resultant invari-
ant mass M(e+e−γ) after photon conversion rejection.
The ﬁgure shows a clear signal for the Dalitz-decay mode
of the π0 on top of a combinatorial background. The
amplitude of the backgrounds and signals are similar
in the real data and Monte-Carlo data, this is a con-
sequence of the Monte-Carlo being tuned with respect
to the total π0 rate and Dalitz branching ratio (taken
from [5]).
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Fig. 2. Fits to invariant mass spectra in the
lowest and highest measured energy intervals
5 Extraction of the Dalitz rate
The ‘Dalitz rate’ is deﬁned as the average multiplicity,
per hadronic Z decay, of the π0 in the decay channel
π0 → e+e−γ. To extract the Dalitz rate, the mass spec-
trum of Fig. 1 is divided in to eight intervals of scaled
energy, xE = Eπ0/Ebeam where Eπ0 is the pion energy,
and Ebeam is the beam energy = 45.6GeV. These in-
tervals, covering the range 0.06 < xE < 0.34, correspond
to the ﬁrst eight intervals measured in [7], the remain-
ing ﬁve intervals are omitted from this study due to
their small signal signiﬁcance. Each mass spectra is ﬁt-
ted with the sum of a signal and background function.
The signal function is taken as the sum of three Gaus-
sian functions with the relative widths, heights and peak
positions optimised and ﬁxed as constants. The global
width, height, and peak position of the signal function
are free parameters in the ﬁts. The background function
is chosen to be of the form a0x exp(a1x+a2x
2+a3x
3)
with all parameters a0 to a3 allowed to be free in the
ﬁts. The total number of observed Dalitz decays in all
eight measured energy intervals, estimated from the ﬁts
to the real data, is 12 490±190. Figure 2 shows the resul-
tant ﬁts to real data for the lowest and the highest xE
intervals.






where SRD and SMC are the number of signal extracted
from the ﬁts in the real data and Monte-Carlo data respec-
tively,NRD andNMC are the number of events (after event
selection) in the real data and Monte-Carlo data respec-
tively, Sgen is the number of signal in the Monte-Carlo at
the generator level (before event selection), andNgen is the
number of Monte-Carlo events (before event selection).
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6 Statistical and systematic errors
The statistical errors on the measured value of RDalitz are
taken from the statistical uncertainty in the ﬁts to the
signal in the real data and Monte-Carlo data, i.e the statis-
tical errors in the values of SRD and SMC respectively.
With respect to systematic errors, this study relies
on the correct simulation of the reconstruction of both
charged tracks (dominated by the the TPC), and electro-
magnetic clusters (reconstructed in the ECAL). However,
systematics in photon reconstruction are considered to be
dominant and so no detailed studies of tracking systemat-
ics are performed.While this study (and the study in [7] for
the two-photon channel) takes advantage of the improve-
ments gained by the ﬁnal re-processing of the ALEPH
data, some well known problems still remain with respect
to the simulated acceptance of low energy photons, photon
energy calibration, and ECAL energy clusters originating
from hadrons or other sources of contamination such as
satellite clusters. To minimise these eﬀects, cuts are placed
onEγ and on energy fractions in ECAL towers as discussed
in Sect. 3. Systematics relating to the above eﬀects are con-
sidered and estimated in [7]. As these systematics are com-
mon to both studies, the error estimates taken from [7] are
halved to take into account partial systematics cancella-
tion due to correlations between the two measurements.
Furthermore the systematic errors are treated in [7] as cor-
related between energy intervals and so are summed lin-
early, this conservative approach is preserved in this study.
Other contributions to systematic errors are also con-
sidered. They include the statistical uncertainty in the gen-
erator level signal Sgen, variations in the measured rate
due to diﬀerent choices of the ﬁtting range and the values
of key cuts. The latter contributions are determined by
varying, within a reasonable range, the values of cuts as
follows. The cut on the transverse impact parameter |d0|
is reduced to 0.3 cm and increased to 1.0 cm, the lower
value of χdE/dx is decreased to−3.0 and increased to−1.5,
Table 1. Systematic and statistical errors for the measured π0 rates in each measured xE interval.
Errors for the Dalitz-decay channel π0→ e+e−γ are taken from the present study, and errors for the
decay π0→ γγ are taken from [7]. All values are expressed in percent rounded to two decimal places
π0→ e+e−γ Measured xE interval
Error source All 1 2 3 4 5 6 7 8
d0 0.59 1.06 1.44 1.40 1.72 1.91 2.20 0.91 1.18
χdE/dx 1.40 4.58 0.88 1.31 3.02 0.57 2.63 5.74 8.26
Eγ 0.96 2.27 2.93 1.01 2.45 0.26 0.35 1.67 0.38
M(e+e−) 1.04 1.37 3.01 2.62 1.23 5.01 1.89 3.80 6.36
Rconv 0.49 0.88 0.72 1.47 1.60 0.61 0.57 1.54 2.18
Sgen 0.25 0.45 0.56 0.52 0.70 0.91 1.15 1.45 1.72
Fit range 0.96 1.64 2.79 1.46 3.06 2.40 5.91 2.20 +6.64
π0→ e+e−γ
Systematic error 2.35 5.72 5.40 4.01 5.66 6.01 7.21 7.77 12.73
Statistical error 2.09 5.15 4.83 3.62 4.50 5.35 7.00 7.80 10.05
π0→ γγ ([7])
Systematic error 1.77 1.61 1.65 1.80 2.05 2.21 1.89 1.68 1.45
Statistical error 0.30 0.81 0.65 0.43 0.46 0.50 0.58 0.93 1.29
the minimum value of Eγ is decreased to 0.8 GeV and in-
creased to 1.2 GeV, the cut on M(e+e−) is decreased to
0.030GeV/c2 and increased to 0.050GeV/c2, and the cut
on Rconv is decreased to 3.0 cm and increased to 5.0 cm.
The maximum variation in the rate for each cut variation
is assigned as a systematic error.
These results, together with the statistical errors, are
shown in Table 1. It should be noted that, for all the cut
variations, the sign of the variations in the rates between
each energy interval is seen to be random. The errors are
therefore considered to be uncorrelated and so are summed
in quadrature over energy intervals.
7 Results
Table 2 shows the measured rates for the two π0 decay
channels. The Dalitz rateRDalitz is measured in the present
study, and the two-photon rateRγγ is taken from the study
of [7]. The ratio B is calculated by dividing the two rates as
follows.
B = Γ (π0→ e+e−γ)/Γ (π0→ γγ) =RDalitz/Rγγ (2)
Column ‘All’ in the table represents the weighted sum of
the results over all energy intervals. For this, the summa-
tions are performed in quadrature except for the system-
atic error of the two-photon rate which is summed linearly.
As a further systematic check, the value of B is compared
for each xE interval, this is illustrated in Fig. 3. From this
ﬁgure, it can be seen that all values are consistent, and do
not appear to be correlated with energy. The ALEPH re-
sult for the ratio B is compared to the results of previous
studies [5] in Table 3. The values of nσ in the table show the
number of standard deviations the measured results are
from the theoretical value. These results are also illustrated
in Fig. 4.
A. Beddall, A. Beddall: Measurement of the Dalitz-decay branching ratio of the π0 369
Table 2. Measured π0 rates in two decay channels. The results for the Dalitz-decay channel π0→ e+e−γ are taken from the
present study, and results for the decay π0→ γγ are taken from [7]
Measured xE interval All 1 2 3 4 5 6 7 8
Dalitz rate, RDalitz 0.02347 0.00652 0.00492 0.00523 0.00295 0.00176 0.00098 0.00066 0.00046
Statistical error 0.00049 0.00034 0.00024 0.00019 0.00013 0.00009 0.00007 0.00005 0.00005
Systematic error 0.00055 0.00037 0.00027 0.00021 0.00017 0.00011 0.00007 0.00005 0.00006
Two-photon rate, Rγγ 2.05984 0.61640 0.40040 0.46600 0.24988 0.14452 0.08972 0.05580 0.03712
Statistical error 0.00620 0.00500 0.00260 0.00200 0.00116 0.00072 0.00052 0.00052 0.00048
Systematic error 0.03640 0.00990 0.00660 0.00840 0.00512 0.00320 0.00170 0.00094 0.00054
B =RDalitz/Rγγ 1.13952 1.05772 1.22758 1.12161 1.17862 1.21746 1.09285 1.18787 1.24635
Statistical error 0.02408 0.05516 0.05985 0.04088 0.05337 0.06546 0.07679 0.09328 0.12628
Systematic error 0.03349 0.06287 0.06929 0.04935 0.07097 0.07795 0.08150 0.09441 0.15966
Total Error 0.04125 0.08364 0.09156 0.06408 0.08880 0.10179 0.11197 0.13272 0.20357
Fig. 3. The ratio B for the eight measured
xE intervals. The ﬁrst point (closed circle),
and the dashed line, represents the ratio for
the total measured interval (column ‘All’
in Table 2)
Fig. 4. Values for the ratio B from each study.
The error bars are the quadrature sum of the
statistical and systematic contributions
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Table 3. Values for the ratio B from each study. The ﬁrst value
is from the theoretical QED calculation of Joseph
Study B = Γ (e+e−γ)/Γ (2γ) nσ
Joseph 1960 (1.196±0.003) % theory
Budagov 1960 (1.170±0.150) % −0.2
Samios 1961 (1.166±0.047) % −0.6
Schardt 1981 (1.250±0.040) % +1.4
ALEPH∗ 2008 (1.140±0.041) % −1.4
Weighted average:
excluding ALEPH (1.213±0.030) % +0.6
including ALEPH (1.188±0.024) % −0.3
∗ ALEPH Archived Data
8 Summary and discussion
Hadronic decays of the Z boson give rise to a large number
of neutral pions. Over four million such events have been
recorded by the ALEPH experiment over the period 1991
to 1995. The high statistics makes it possible to observe
the Dalitz-decay of the π0 with suﬃcient signal signiﬁ-
cance to measure its rate. Using the same data, [7] provides
a measurement of the two-photon decay channel of the π0.
The ratio of these two measurements therefore leads to
a measurement of the ratio B = Γ (π0→ e+e−γ)/Γ (π0→
γγ) which has not been measured since 1981. This ap-
proach takes advantage of the partial cancellation of some
systematic errors as a component of both measurements
shares the same type of uncertainty.
The previous measurements for this ratio, used by the
particle data group [5] to form a world average, and the
result of the present study, are given in Table 3 and illus-
trated in Fig. 4. While the result from this study does not
have a greater accuracy than that of Samios and Schardt,
it provides additional statistical information reducing the
uncertainty in the world average from about 2.5% to 2.0%.
The new average also moves closer, from +0.6σ to −0.3σ,
to the theoretical prediction.
With similar capablilities, other LEP experiments
(DELPHI, L3 and OPAL) could measure the Dalitz-decay
with a comparable accuracy. If so, such a combined eﬀort
may result in a measurment of the Dalitz decay branching
ratio with a uncertainty well below 2%.
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